The effects of the string cloud on higher-dimensional holographic superconductors in Einstein-Gauss-Bonnet gravity are investigated in the probe limit. The critical temperature is analytically obtained using Sturm-Liouville eigenvalue method. It is observed that the critical temperature only exists in an allowed region of the parameter space. Also, the presence of the string cloud with the sufficiently large density should prevent the the existence of the critical temperature. As increasing the string cloud density parameter, the critical temperature decreases in the region of the sufficiently low charge density but increases in the region of the sufficiently high charge density. Whereas, the presence of Gauss-Bonnet terms always makes the critical temperature decreasing. In addition, the expression of the condensation operator and the critical exponent are computed analytically.
I. INTRODUCTION
The AdS/CFT correspondence [1] , which relates a weakly coupling gravity theory in AdS spacetime to a strongly coupling field theory on the boundary of AdS spacetime, has attracted consideration attention because of its computational power. According this correspondence, one can calculate the quantities of the strongly coupling field theory by using the gravitational dual in one higher dimension. In recent years, the AdS/CFT correspondence has been used to study various phenomena in condensed matter physics [2] . In particular, much attention have been dedicated to apply the holographic method for superconductors because high temperature superconductors are in the strong coupling regime and thus can not be described by the BCS theory. The dual gravitational description of s-wave superconductors was first proposed by Hartnoll et al. at which a phase transition from a black hole with no hair to one with scalar hair is interpreted as the (normal) conductor/superconducting phase transition in the dual field theory [3, 4] . Following this work, the investigations of holographic superconductors in the framework of Einstein gravity have attracted a lot of attention [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
At short distances, it is expected that Einstein gravity would obtain the higher-order curvature corrections. Einstein-Gauss-Bonnet gravity is one of the natural modifications for Einstein gravity * Electronic address: hncao@yonsei.ac.kr at short distances by including Gauss-Bonnet term which arises naturally from the low-energy limit of heterotic string theory [24] [25] [26] . Importantly, the presence of Gauss-Bonnet term does not lead to more than second derivatives of the metric in the corresponding field equations and thus the theory is ghost-free. Also, Gauss-Bonnet term only plays the role in spacetime with the dimension d > 4. Whereas, for d ≤ 4, Gauss-Bonnet term is a topological invariant and thus it does not contribute to the field equations. Studies of holographic superconductors have been generalized in the framework of Einstein-Gauss-Bonnet gravity [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
In the string theory, the fundamental building blocks are the one-dimensional strings. Inspired by this, the concept of string cloud was introduced as the one-dimensional analogous of a dust cloud. The black hole solution with the source of the string cloud was first found by Letelier [41] . Later, various black hole solutions in the presence of string cloud and their thermodynamic properties have been studied in the literature [42, 43] .
Inspired by these ideals, in this paper we study holographic superconductors with involving simultaneously the higher-order curvature corrections and string cloud. In Sect. II, we set up a gravitational dual model. The starting point is to construct a d-dimensional black brane solution sourced by a string cloud and negative cosmological constant in Einstein-Gauss-Bonnet gravity, which is the background geometry for studying holographic superconductors in the probe limit. The matter action and the corresponding equations of motion are also provided. In Sect. III, we obtain analytically the expression of the critical temperature in terms of the charge density, string cloud density parameter, Gauss-Bonnet coupling, and spacetime dimension. Furthermore, we obtain the expression of the condensation operator or order parameter near the critical temperature in Sect.
IV.

II. HOLOGRAPHIC DUAL MODEL
In this section, we will build a holographic dual model which is used for the subsequent computation of critical phenomena. First let us introduce the action describing d-dimensional EinsteinGauss-Bonnet gravity coupled to a electromagnetic field and scalar field surrounded by a string cloud in the AdS spacetime background as
where R is the scalar curvature of the spacetime, l is the curvature radius of the AdS spacetime, and L GB is the Gauss-Bonnet term given as
and α is the Gauss-Bonnet coupling parameter. The matter term is given as
where F µν = ∂ µ A ν − ∂ ν A µ is the strength tensor of the electromagnetic field A µ , and ψ refers to the scalar field of the charge q and the mass m. I string-cloud is the action for the string cloud.
A. Black brane solution with source of string cloud
First let us review briefly the model of the string cloud [41] . For a classical relativistic string moving in the spacetime, its dynamics is described by the Nambu-Goto action I NG given by
where T p is the tension of the string and (σ 0 , σ 1 ) are the coordinates parameterizing the worldsheet Σ, γ is the determinant of the induced metric γ ab = g µν ∂x µ ∂σ a ∂x ν ∂σ b . The worldsheet Σ can be described by a bivector of the form
where ǫ ab is the two-dimensional Levi-Civita tensor, ǫ 00 = ǫ 11 = 0 and ǫ 01 = −ǫ 10 = 1. This bivector satisfies the identities, Σ µ[ρ Σ λν] = 0 and ∇ µ Σ µ[ρ Σ λν] = 0 (where the square brackets refer to antisymmetrization in the closed indices), which by the Frobenius's theorem it leads to a parameterized surface. Also, the bivector Σ µν satisfies another identity, Σ µρ Σ ρλ Σ λν = γΣ µν . In this description, the Lagrangian of the string is given by
Since we can obtain the energy-momentum tensor for the string as
In this work, we consider the string cloud with the energy-momentum tensor given by
where ρ is the density of the string cloud. For the spherically symmetric and static string cloud, the ansatz of the bivector Σ µν is given as
As a result, one can find the non-zero components of the energy-momentum tensor for the string cloud as
By using the relation ∂ µ ( √ −gρΣ µν ) = 0, we can obtain explicitly T t t and T r r as
where a is a positive real constant.
Varying the action (1) with respect to the spacetime metric g µν , we derive the equations of motion for g µν as
where
In this work, we would like to investigate the role of the string cloud on holographic superconductors in Einstein-Gauss-Bonnet gravity. Thus, we shall consider the backreaction of the string cloud on the spacetime geometry. Whereas, the matter fields (the gauge field A µ and the scalar field ψ) are considered in the probe limit which means that their backreaction or the matter term L m on the spacetime geometry is ignored. In this sense, the spacetime geometry in Einstein-Gauss-Bonnet gravity is sourced by the negative cosmological constant and the string cloud. Whereas, the matter fields decouple to gravity. Now, we find a planar Schwarzschild-AdS black hole solution given by ansatz as
is the line element of the (d − 2)-dimensional planar hypersurface. The (t, t) component of Einstein's field equations leads to the equation for the function f (r) as
. By solving this equation, we can obtain the
where the reduced mass m is related the total mass M of the black hole as
with ω d−2 to be the surface area of the unit (d − 2)-sphere. The function f (r) can be expressed in another form as
where r + is the event horizon radius. The asymptotic behavior of the function f (r), corresponding to r → ∞, is given by
is the effective AdS radius. Note that, for the well-defined theory, the condition α ≤ l 2 /4 must be satisfied. The Hawking temperature of the black hole is given by
which is interpreted as the temperature of the dual field theory.
B. Basic setup for matter fields
Varying the action (1) with respect to the electromagnetic field A µ and the scalar field φ, we
In order to solve these equations, we adopt spherically-symmetric and static ansatz for A µ and ψ
By substituting this ansatz into Eq. (21), it leads to the equation for the functions φ(r) and ψ(r)
where the prime is denoted the derivative with respect to the coordinate r. The regularity requirement for the fields A µ and ψ at the event horizon leads to the boundary conditions, φ(r + ) = 0 and ψ(r + ) =
. Also, the behavior of φ(r) and ψ(r) near the AdS boundary (r → ∞) is given by
where µ and ρ are the chemical potential and the charge density, respectively, and
are the conformal dimensions of O ± , respectively. 1 According to AdS/CFT correspondence, either O − or O + is interpreted as the source and the other is interpreted as the expectation value of the condensation operator in the boundary field theory.
In this work, we consider O + as the expectation value of the condensation operator. Whereas O − is considered as the source which is set to be zero because the U(1) symmetry is broken spontaneously.
Interestingly, Eqs. (23) and (24) possess the following scaling symmetries
which can be used to set q = l = 1.
With new coordinate z = r + r , Eqs. (23) and (24) are rewritten as
1 The mass of the scalar field satisfies the Breitenlohner-Freedman bound [44] 
where the prime is denoted the derivative with respect to the coordinate z, and
III.
CRITICAL TEMPERATURE VERSUS CHARGE DENSITY
In this section, we will obtain the expression for the critical temperature T c and investigate how it behaves under the change of the string cloud density parameter a, the spacetime dimension d as well as the Gauss-Bonnet coupling α. The analytical calculation is based on the Sturm-Liouville eigenvalue method.
The condensation is zero at the critical temperature T c , and thus the scalar field vanishes, ψ = 0.
Consequently, Eq. (28) yields the following equation
The general solution of this equation is given as
By using the boundary condition at the horizon φ(1) = 0 and the asymtotic behavior at Eq. (25), we obtain
where r +c is denoted the event horizon radius of the black hole with the temperature T c . The function φ(z) is expressed as follows
where λ = ρ r d−2 +c and ξ(z) = 1 − z d−3 . In the limit T → T c , we express ψ(z) by
where F (z) is the trial function satisfying the boundary condition F (0) = 1 and F ′ (0) = 0. By substituting this expression of ψ(z) and the solution of φ(z) at the temperature T c into Eq. (29), we obtain
Interestingly, this equation can be written in the form of the Sturm-Liouville equation as
where b ≡
. It is known from the Sturm-Liouville eigenvalue problem that the eigenvalues of Eq. (38) are obtained by minimizing the following expression
where the trial function F (z) is chosen as F (z) = 1 − βz 2 [7] . With this result, from Eq. (20), we derive the critical temperature T c which depends on the charge density ρ, string cloud density parameter a, Gauss-Bonnet coupling α and spacetime dimension d as
where λ min is determined by minimizing the function λ 2 given in Eq. (40) . This is one of the main results in this present work. Clearly, the effect of the string cloud on the critical temperature T c enters through both the eigenvalue λ min and the expression for T c . Whereas, Gauss-Bonnet term affects indirectly the critical temperature T c entering through the eigenvalue λ min . It should be noted that, as the critical temperature is low enough, which means that T c goes to the zero, from
Eq. (20) we have the following relation
by which the parameter b in Eq. (39) becomes
2 . This suggests that in this limit the change of the string cloud density parameter a affects no longer λ min . On the other hand, in this limit the change of the string cloud density parameter a affects the critical temperature through that a enters directly in the expression for T c . With a = 0 corresponding to the absence of the string cloud, we get the usual expression for the critical temperature of the holographic superconductors in Einstein-Gauss-Bonnet gravity as,
. One can easily see that, from the expression (41), the critical temperature T c is possibly negative. As a result, the presence of the string cloud leads to a fact that the critical temperature only exists in an allowed region of the parameter space, given by
For example, with d = 5, α = 0.02, a = 1.5, r + = 1 and ∆ + = 3, the critical temperature only exists for the charge density satisfying, ρ 0.975. In addition, as the string cloud density parameter a increases, λ 2 min should decrease and become negative above a critical value a crt . For example, the critical value of the string cloud density parameter is given by, a crt ≈ 5.55369, with d = 5, α = 0.1, r + = 1 and ∆ + = 3. Therefore, the presence of the string cloud with the sufficiently large density should prevent the existence of the critical temperature below which the superconducting phase will appear in the dual field theory.
In this way, in the presence of the string cloud, the critical temperature only exists if the string cloud density parameter a is below a certain critical value. Note that, in order to form the superconducting state, it needs to have another condition which the chemical potential is above a critical value (for the charge density kept fixed). Thus, for the appearance of the superconducting state, the fact that the parameter a is below a critical value can be considered as a necessary condition. Whereas, the fact that the chemical potential is above a critical value can be considered as a sufficient condition.
In order to see more clearly, we plot the critical temperature T c as a function of the charge density ρ, for various values of α, a and d, in Fig. 1 . We observe that, for the region of the sufficiently low charge density, the critical temperature decreases as increasing the string cloud density parameter a. This suggests that the condensation becomes harder in the presence of the string cloud. Whereas, for the region of the sufficiently high charge density, the critical temperature increases when the string cloud density parameter a increases. And, since the presence of the string cloud makes the condensation getting easier. In addition, for studying the behavior of the critical . various values of a, in Fig. 2 . We can see from this figure that, in the presence of the string cloud, the critical temperature increases with the growth of the spacetime dimension. This is consistent with the previous works that showed superconductors of the high temperature can be achieved in the higher dimensional spacetime. Furthermore, we present a comparison between the results which are derived from the analytic and numerical calculations in Table. I, which shows the good agreement between two results. Also, from this table, it is easily to see that the critical temperature decreases as increasing the Gauss-Bonnet coupling as indicated in the literature.
IV. CONDENSATION VALUE AND CRITICAL EXPONENT
In this section, we would like to calculate the condensation value O + near the critical temperature T c and derive the corresponding critical exponent for Gauss-Bonnet holographic superconductors in the presence of the string cloud. In order to do this, we need to look at the behavior of the gauge field near T c . It is important to note that near T c the condensation value O + is very small. This suggests that we can expand the function φ(z) in O + as
where the function χ(z) satisfies the boundary condition, χ(1) = χ ′ (1) = 0. Then, substituting this expansion into Eq. (28), we obtain
This equation can be written as
Using the condition χ ′ (1) = 0, we can integrate two sides of the above equation, which leads to
By identifying the asymptotic behavior of φ(z) from Eqs. (25) and (44), we get the following
Comparing the coefficients of the terms relating to z d−3 in the right-hand and left-hand sides of the above equation, we find
It should also note that we can determine 
This expression shows clearly that the critical exponent is 1/2, which is consistent with the meanfield value and is independent on the string cloud density parameter, Gauss-Bonnet coupling and spacetime dimension. In this sense, the value 1/2 of the critical exponent seems to be a universal constant. Also, the presence of the string cloud and Gauss-Bonnet term do not affect the expression form of the condensation operator, which is a universal property for holographic superconductors.
On the other hand, the presence of the string cloud and Gauss-Bonnet term only affect indirectly O + through modifying the value of T c and Θ.
In order to calculate Θ, we use a fact that in the limit z → 0 Eq. (45) becomes
This leads to the following relation between the (d − 3)-th and first-order derivatives of χ at z = 0
Using this relation with χ ′ (z) given at Eq. (47), we obtain
where A is given by
which can be, with the given parameters, integrated numerically. 
V. CONCLUSION
In this paper, holographic superconductors have been investigated in the presence of a string cloud and Gauss-Bonnet term. In the probe limit at which the backreaction of the gauge field and scalar field on the background geometry is ignored all, we solve Einstein's field equation to obtain the planar AdS Gauss-Bonnet black hole solution sourced by the string cloud and negative cosmological constant. By adopting the Sturm-Liouville eigenvalue method, the critical temperature has been obtained as a function of the charge density, string cloud density parameter, GaussBonnet coupling, and spacetime dimension. The presence of the string cloud modifies the usual form of the critical temperature (which is proportional to ρ 1/(d−2) ). As a result, the existence of the critical temperature is only allowed in a certain region of the parameter space. In particular, the critical temperature, below which the condensation will be formed, only exists as the string cloud density parameter is smaller than a certain critical value. Also, it is indicated that when the string cloud density parameter increases, the critical temperature decreases in the region of the sufficiently low charge density, whereas it increases in the region of the sufficiently high charge density. In addition, the critical temperature growths with increasing the spacetime dimension, which suggests that the superconductors of the high temperature can be achieved in the higher spacetime dimension. It is also observed that increasing Gauss-Bonnet coupling always makes the critical temperature decreasing. Finally, the condensation operator and the critical exponent of holographic superconductors are computed at which the critical exponent is always equal to 1/2 independently on the properties of the system.
